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Anomalous Propagation of Trans-equatorial VLF Radio Waves
in the Geomagnetically Quiet and Disturbed States.
Hfll Anomalous Diumal Changes of Trans-equatorial VLF Radio Waves.





Anomalous Diurnal Change~ o~ ~ransequatorial
V.L.f. Radio waves
'l'ohru Ara.ki:
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Abstract
'l'he reception in Japan of the VLF radio waves transmitted
from NWC (15.5, 18.0, 19.8 and 22.3 kHz, Australia) reveals
anomalous diurnal changes of the field intensity and the phase
which are especially notable at 19.8 kHz, and of a
similar nature to the observation of NBA signals (18.0 kHz,
Panama) in Argentina. These are consistently explained by a
model which is essentially the same as that used for the inter-
pretation of anomalous Runrise fading pattern of NPG signals
(18.6 kHz, Seattle, U.S.A.) observed in Australia and New Zealand.
The interference distance, 0, in the nighttime earth~ionosphere
waveguide is assumed to decrease from the maximum value, D
max
'
at the geomagnetic equator to the normal value at ± 20· of the
geomagnetic latitude. Values of Dm",x are sousht which can
best explain the observed anomalous diurnal changes of the




~ndependentlx from two values of the d~urnal changes of the
field intensitx observed ~t Japan and ~rgenttna agree within an
observational errol. These are also nearly e~ual to D obtainedJl\ax
from the analysis of anomCllous sunrtse .fading by Lynn. Anomalous




Chilton et a1. .(1964) made. simUltaneous observations of
. . ..
the frequency stabilized VLF signals froJl\ Canal zone, Panama
(NBA, 18 kHz) both in the northern hemisphere (Boulder, Colorado,
U.S.A.) and in the southern hemisphere Crucuman, Argentina).
The two propagation paths are of approximately equal length
(about 4300 km) and have similar bearing to t.lle geomagnetic
'field line (Fig. 1). The notable difference is that the one
path (NBA to Boulder) lies wholly in the northern hemisphere
while the other (NBA to Tucuman) crosses the geographical and
the geomagnetic equator from the northern to the southern hemi-
sphere. They.compared the data from the two stations and found
large dif.ferences in the diurnal changes of the phase and the
field intensity. Theii: observational results are summerized
as follows;
lll. the field intensi!Oy at Tucuman is approximately 12 db great.er
duringYdaytime than at night, while the ntghttime field intensity'
-I.••
at Boulder is, on the average 3 db greater than the daytime in
tensity (fig. 2 a:.u ,
(2j
(21. the e$t.j.mated nighttime :l;ie1d intenstt){ is C\bout 17 db less.
C\t Tucuman than at Boulder,
l3). the nighttime signals' at Tucuma.n are considerably more dis-
turbed than at Boulder,
(4 l. though the diurnC\l phase change at Boulder is consistent
with that predicted by waveguide mode theory in which it is as-
sumed that only the first order mode is propC\gC\ted and that there
is a diurnal change of ionospheric height of 17 km, the diurnal
phase change at Tucuman is about 30 per cent less than at Boulder.
Chilton at al. suggested that the anomalous diurnal changes at
Tucuman could possibly be due to a difference in ionization pro-
file resulting from latitudinal dependence of cosmic-ra~.
The new VLF station NWC (North West Cape; Australia) began
to transmit phase-stabilized signals in September, 1967, with
the test frequencies of 15.5, 10.0, 19.8 and 22.3 kHz changing
once a week. Ishii et al. (1968) continuously observed the phase
and the field intensity of NWC signals at Inubo, Japan (Pig. 1),
and reported that the nighttime field intensity is somewhat lower
for 15.5 kHz and somewhat higher for 22.3 kHz but mILch weaker
(about 10 db) for 19.0 kHz than the dC\¥tim~ :i.ntensi"1:y (Fi'I' 7(al).
Further they noticed that the size of·,·the diurnal phase change
is anomalously larger for 19.8 kHz than £0::: 15.5 kHz and 22.3
kHz (Pig. '3). This is directly can trary to the phase behavior
observed at Tucuman. Similar observationS for 15.5 kHz and 22.3
kHz was made also at uji, Japan, and the results were consistent
with tho$eat ;I:nubo <Arak.t et al. 19691. Thus tt can be said
C3l
that the anomalous d~urnal changes 9~ the VLF ~ha~e and ~ield
intensity are seen corr~cnly along transequator~al propagation
paths, but it depends strongly upon ~requency and propagation
path length.
Lynn 0.971) also made the observation of the field intensity
of NI'IC signals at Tananarive, Madagascar 0" ig. 1). The propa-
gation path length between NWC and Tananarive (about 6900 km)
is almostVsame as NWC-Inubo path (about 6990 km) and we can di-
tile
rectly compare the observations made along the two paths. In·
Figure 2(a) is plotted the size of the diurnal change of the
field intensity observed at rnuno (thick line)· and Tananarive
(thin line). It shows a clear discrepancy of the. diurnal changes
of the field intensity between the two receivi.ng sites especially
around the frequency of 20 kHz.
There are other anomalous changes of VLr signals observed
along transequatorial paths. When the intersection of a sunrise
line and a propagation path is near the geomagnetic equator, the
sunrise fading in ~he field intensity becomes deep and the fading
period becomes long. Further so called cycle slipping occurs'
easily at this time of the sunrise period. These phenomena were
mainly analysed using 18.6 kHz signals from NPG!NLK (Seatlle,
Washington, U.S.A.) observed at Australia (Lynn, 1967, 1969)
and New:;Ie<lland lI<<liser ,196B). Lynn (1970) succeeded in ex-
plaining the phenomena by assunlingVanomalous distribution for
al\
the nighttime interference distance, D (Crombie, 1964), and the
roode conversion ratio wi.thin ± 20· of the geomagnetic latitude.
(4 )
If the ano~alous dist~ibutiQn of the nightti~e interference
distance which is observed, d1.1rLngthe,sunrise 'pe~Lod, p~rsists
through a night, the nightti~e field intensity and the relative
phase observed along a transequatorial path would also show ano~~
laous behavior and the si:ze of the d.iurnal change of the field
intensity and. the phase would be different from what we could
expect from the normal distribution for D. On the' basis of this
speculation, we also adopt the model that D begins to deviate
from the normal value at :t 20° of the geomagnetic latitude and
increases toward the geomagnetic equator and try to explain the
anomalous diurnal changes of VLP signals observed at Tucuman
and Japan by the use of this model.
2. The Model and Calculation
The vertical electric wave field transmi.tted fro~ a verti-
cal electric dipole in the earth-ionosphere waveguide is genera-
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m = mode number,
/\m = exicitation factor of mode ~ at a tl:'ans~itter,
<Xm '" attenuation rate of )11od,e )11,
v
m '"
phase vlocity 0;E mod,e m,
x
'"
di.stance fro)!', a tra,nsmitter to a l:'eceiV'er,
(5 )
h = effect~ve reflectton he~ght o~ the '~onosphe~e,
vJ =wave angular frequency;
EO = a constant determined b~ ff ~~nd transmitted power.
In equation (1) it is assumed that the transmitter and the
receiver are on the ground and so the he~ght gain factors are
taken to be un~ty.
If the attenuation ~ate ~ and the phase velocity vm vary
slowly along the propagation path, equat~on0.1 may ;be replaced
by
x )(j .f J.x 'w (t-l d.X) of i. "nil,.,- (XlII t. ~ V,.. 11
e · e (2)
It is assumed here that duringVdaytime there exists only the
tke .
first order mode in ~ie earth-ionosphere waveguide and during ~e
nighttime both of the first and the second order'modes are propa-
gated. Then the wave' field in the day and night, ED and ~, are
given by the real part of equation t2) as
(3)
EN = ENl coS (wt-GNl )+EN2 cos (wt-9N2 l = ENO cos (Wt-9Nl
where )(
EO , -f. cXP1 JX
EpO = --1/10 1 e~
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(XeNl - 9N2 = - 2 71 )0 dx-D- + arg (/I Nli AN2 ) (71
where D is the interference distance in the nighttime waveguide
(Crombie, 1964) which is given by
ca)
OJ
The size of the diurnal chan<;re of tl:J..e field. intensit¥,
can be calculated. from equations (48,t 8,nd. (6al. I'ropa<;ration
parameters- (excitation ;factor, attenuation rate, and. j?hase velo-
-city).. necessary to the calculation of ENO and EpO are provided.
by Wait and Spies (1964) in which they assumed that the ionos~
pheric conductivity parameter, uv r ' varies exponentially with
height as
Itedotted curve in Fig. 2(al is the results of Lynn's calcu-
lation for.6.E for the
-taken to be 70 km and
NWC-Tananarive path in which hO and ~ are
- -1
0.3 km for the daytime ionosphere and
90 km and 0.5 km- l for the nighttime. For the propagation path
~ength of NBA-Boulder and NBA-Tucuman,.6.E was calculated by the
'use of the same combination of hO and -~ and plotted in Fig. 2 (b)
Propagation parameters used in the calculation are listed in
Table 1.
As seen from Figs. 2(al and 2(b), calculated values for
:the size of the diurnal variations of the field intensity agree
fairly well with observations both at Tananarive and Boulder.
Thus WE. assume that the ionospllere along the two non-transequa-
torial propagation patnsin the mid.d.le latitud.e rnBA~Boulder and.
NWC-Tananarive t is in the normal conqition which is j?rescribed
(8 1
by equation ().Ol with the va.lues o,f ~ and. h o listed. in 'L'able L.
,
For the transe<:tuatoriy,l proPagatipn Paths (t-lBl\-T,ucuman and. t-lWC-
Inubo 1" a model ts ad.opted. which. .j:,s essentially the same as that
of Lynn (19701; thit is, the daytime tonosphere is normal but
in the nighttime the interference distance, D, varies with lati-
tude in the region within :t 20· of the geomagnetic latitude as
. T~
shown by Fig. 4. depend.ence of D upon the distance, x, from the
"







" (D 2 _ D 2)Xo'" + Max 0 (11)a =
2 (D - DO)max
Yo =
where DO is the normal D value which is calculated by equation
(8) using the phase velocity listed in Table 1, and D isvD
max the
value at the equator, and xo is the distance from. the equator
to tne points of ± 20· of the geomagnetic latitude along the
propagation path. The attenuation rate in the anomalous regio;
is assumed to be constant or Vil.ry so slowly that it has little
effects on the observed anomalous behavior of the diurnal vari·
ations of VLF signals.
For a given value of D , the lat.j:,tud.inal variation ot D
max
is d.etermined by equation (Ill and the s·ize of the diurnal
(9 \
variation of the field intensity, 6. E, c<ln be calc\11<1ted using
equations 0)- C~J).. In this wa.y, values of DIl\<lX <Ire so,,-~i.t
which give ~E best :fitted to the observa,tions at ~nubo and
Tucuman. The results are shown in rig. 5. por the frequency
18.0 kHz, two values of D are obtained :fromvobserved ~E at
. max He
Inubo and Tucuman,but it can be said that they agree within an
observational err9~' In Fig. 5 is also plotted a value of Dmax
estimated by Lynn (1970)
of 18.6 kHz.signals from
vfrom anomalous sunrise fading pattern
-the
NPG/NLK to ~ustralia. It also agrees
well with the present results.
The values of D
max
in Fig. 5 are calculated from the observed
,diurnal changes of the field intensity at Inubo and Tananarive.
A question wl,;<i. arises here is whether this model with D
max value.,
in Fig. 5 could explair. anomalous behavior of the diurnal phase
changes observed at the two stations. In order to answer this
(12)
is calculated for both normal and abnormal ionospheric conditions. '
'Here "normal ionosl?here" means the ionosphere prescribed by the
exponential height profile for the conductivity parameter with
the values of ~ and h O listed in Table l,and "abnormal ionosphere"
'is specified by Lynn's model and equation (11) and D in Fig. 5.
max
The results of the ca.lculation and the observatio~are sUll\ffiarized
in Table 2. For the propagation distance of 4300 kID, calculated
values themselves (~eabnormal and ~enormal) are somewhat larger
(10)
than the observed values l~erucuma~ a~d ~eBoulde~l but the cal-
'c'tilated results that Ma,bnormal ~s a,bout 30, per ce~t less than
~e, 'I' agree with the observational ~act that on the average
, norma ' ,
&6 is 30 per cent less than ~eB Id • ~or the propagationTucuman ou er .
distance of 7000 km, we have no non-transequatorial path which
should be compared with the observed results at Inubo because
at Tananarive no observation of the relative phase was made.
The phase observed at Inubo, however'; clearly shows anomalously
large diurnal variations at 19.8 kHz. The values calculated for
'the abnormal ionosphere model C~e~bnormall are somewhat larger
than observed 66 except for 22.3 kHz for which the'discrepancy
1:s, vey-y large, but their ratios to the values for thEil normal
~ohosphere l~6normall show a tendency that the anomaly is most
J:irbnounced at 19.8 kHz. This agrees' well with the observations,.'
'The large discrepancy between the calculation and observation'
:E~hgent in equation (6bl.
fur 22.3 kHz seems to
:l. Discussions
originate.- 'from 180 0 ambiguity.of arc'
(\
We assumed that the ionosphere is normal in the daytime
,and abnormal {n the nighttime. This assumption seems to be
,r,easonable because the structure of the daytime ionosphere is
,d~termined almost only by the dominant solar radiation while
~here' are some questions of the maintenance of the nighttime
lov,rer ionosphere and we might expect unknown agents which cau'ses
,the anomalous ionosphere in the nightttme.
Clli
The val~dity of the isotropic ex~onential model fo~ the
conductivity parameter was discussed by Lynn U9701 in some
rletails. The point of the discussion is that the new modes of
mixed polarization ranging from TM and TE in character appear
by taking the geomagnetic field into the earth-ionosphere wave-
guide mode theory. The introduction of the new modes might
;nodify the results computed from the isotropic exponential model.
~ne observations at Tananarive and Boulqer, however, are more in
agree~e~t with the calculation from the isotropic exponential
~bdel rather than that from these recently developed theories.
The isotropic exponential model is also supported by field
tntensity measurements for several frequencies using the. airplane
{Rhoad and Garner, 1967l,but this experiments show that the
'f;irst two or three 111.'''':'"s should be important out to distances
gteater than 3000 km even in the daytime. The amplitude of the
-uI:I,dula tions of the field, intensity curves versus distance in
tneir graphs, however, becomes small in the range greater than
'4000 km. This shows that the higher order modes are rapidly
attenuated with increasing distance and the neglect
would not cause great errors.
of them
-1 'Rohads and Garner took 0.5 km as a value of daytime a
while we had to take 0.3 km- l iri order to raconcile with the
observations at; both of Boulder and Tananarive. The cause of
this discrepancy has not yet known and remains to be studied in
,future.
Wait and Spies (1964l gave propagation parameters only for
l12 )
combination~ ot (hO' e) ~ith h o ~ 60, 70, 80, 90 km and~ = 0.3
-1 '
and 0.5 krn • A comb_.lation of ()LO'~) whtch is diUel:ent tram
that used here and gives better agreement between the observation,
and calculation might vossibly be obtained if the propagation
parameters \~ere calculated for more detailed h O and ~.
The dependence of the anomalous D values upon distance along
the propagation path is assumed to be the circular form (~'I' II)',
The choice of this form is rather arbitrary. The parabolic form
was tested and it was found that the circular form is better but
the results are not so sensitive to functional 'form of D.
It might seem that there is no ground to justify the negl~cf
o~ the change, of the attenuation rate along the propagation
path in the region of the abnormal ionosphere, The curve bfAEi
versus distance for the' normal ionosphere, \~hich is not shown
here, shows rapid variation in the range from 4000 km to 10000
km especially, for the frequencies of 18.0 and 19.8 kHz and the
observed values of bE might be explained only by moving the
curves parallel to the abscissa. This may be realized by chang-




the attenuation rate is
4. Conclusion
v
in D plays a primary role and change
d.~y
rather secondary in importance.
of
Ly~n (l970,) used ,the model that the interference distance
D in the nighttime is anomalously d~stl:~buted within ± 20° ,of
the geomagnetic latitude in order to explain the anomalous sun-
(131
rise fading pattern of VLF signals observed along the transeq~
ua torial propagation path CNI'G/l'lLK (18. (; kRz I. to Austra,!ial..
Th~s model is applied to the anomalous diurnal changes
observed along the two transequa·toria1 paths; NBA (Panama, 18.0
'kHz!. tu Tucuman U\rgentina!. and NI9C (Australia, 15.5, 18.0, 19;8,
~2. 3 kHz) to Inubo (Japan). It is assumed ,that D takes the max-
imum value at the geomagnetic equator and decreases to the nor-
mal value at ± 20· of the geomagnetic latitude. Tkdependence of
D upon the distance from the geomagnetic equator is assumed to
be circular within ± 20· of the geomagnetic latitude. For four
frequencies observed at Inubo and one frequency at Tucuman, the
maximum values of D at the equator, D , are calculated which
. . max .
can explain best the observed anomalous diurnal changes of the
field intensity at the two stations. Two values of Dmax are
obtained from two vaiues of observations at Inubo and Tucuman
for the frequency of 18.0 kHz. They show a fairly good agree-
ment within an 6bse~y~ti9n~1_~f.~or. They also agree$ well with
D
max
calculated by Lynn for the explanation of the anomalous
behavior of 18.6 kHz signals during sunrise.
This model with values of D calculated from the observed
max
diurnal changes of the field strength is used to compute the
. diurnal changes of the relative phase,A8, for the observed fre-·
quencies at the both stations. Though the values of tl8 them-
selves are somewhat different from observed values, they show
the same tendency as the observations that~e is anomalously
small at Tucuman for 18.0 kHz and anomalously large at Inubo for
(14 )
19.8 kHz.
We may, tQere~ore, reasonably concl~qe that the anomalous
diurna: 'changes of the fielq intensity anq the phase of yLr
radio waves observed along transequatorial propagation paths can
, ,
be consistently explained by the moqel which is essentially the
sa~me as that '~seq for the interpretation of the anomalous sun-
rise fading pattern of VLF signals observed also along transeq-
~atorial paths.
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If igu:r;e C<\l?t~on:;;
Fig. 1 Propaga,tion pa,tl\s used :eOl;' ana,lysis' o:e anomalous diurnal
changes (solid line) and sund:se fa,d~n9 (dashed linel. of
YLF radio waves.
Fig. 2 The size of the diurnal changes of the field intensity
of NWC(a) and NBA(b) signals. A dotted line of (al. and a
cross mark of Ch) show calculated values from the isotropic'
exponential model for the ionospheric conductivity para-
meter.
Fig. 3 The averaged diurnal phase variations of NWC signals
observed at Inubo, Japan. Dark portion under the each
figure shows a period during which the entire propagation
~
path is in nights ide and hatched portion shows a period
during which the path is divided into day and night.
(after Ishii et al.).
Fig. 4 Anomalous distribution of the interference distance, D,
used for the calculation of the anomalous diurnal changes
of the field intensity of tFansequatoFial VLF radio waves.
Fig. 5 Values of D
max
which can best explain the anomalous
diurnal changes of the field intensity observed at Inubo
(solid circle) and Tucuman (triangle). The cross shOWS'
the value obtained from analysis of anomalous sunrise fad-
i?g pattern by Lynn. The normal D values (open circle)
are .calculatedfrom the isotropic exponential model for
the ionospheric conductivity pa~ameter.
(16)
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Propagation Frequency (kHz) hO [3Parameter 15.5 18.0 19.8 22.3 (km) (km-1)
o(Dl (dB/10 3km) 2.5 2.4 2.5 2.7
5 2.9979250 3.0033213v D1 (10 km/sec) 2.9955266 2.9943275
1;\ Dll (dB) 70.0 0.3-0.4 -1.0 -.1.6 -2.5
.arg!iDl(deg) 7.5 9.0 10.2 12.5
O<Nl (dB/l0 3km) 1.3 1.5 1.7 2.0
5 2.9889312 2.9856335 2.9835350v N1 (10 km/sec) 2.9868327
IANII (dB) -5.0 -7.4 -10.0 -11.9
arg!\Nl (deg) 9.1 11.8 14.2 18.2
- 90.0 0.5
d.N2 (dB/I0
3km) 4.2 3.5 3.1 2.7
5 3.02310116 3.0069183 3.0021221v N2 (10 krn/sec) 3.0114157
II\N21 (dB) 2.1 2.3 2.5 2.3
arg!iN2(deg) 1.2 1.5 2.0 3.0
Table 1
Propagation parameters (attenuation rate (d), phase




Propagation Frequency 15.5 ]8.0 19.8 n.3
'Distance (km) (kHz)
Ll8r ' 310°-340° 540°-600° 330°-380°nubo
(observed)
~ 7000 --
6.6abnorma1 388° 475· ,601° 1307°
6.enorma1
3850 1.01 405 ° --1.16 '4270 1.41 118P 1.10
(ca lcul'a ted)
~eTucuman I 120°-140° 0 57-0 78
Ll.GBoulder








Observed and calculated values of the size of the diurnal
phase changes.





Kyoto University, Kyoto, Japan
Abstract
The eight months data of the relative phase of VLF signals,
~wC (22.3 kHz, Australia), observed at Uji, Japan, are analysed
in order to detect geomagnetic storm effects on the low latitude
lower ionosphere. Two anomalous phase decreases are found in
--._---- . - --
the nighttime in association with the main phase of large geo-
magnetic storms. The corresponding changes in the ionosphere
are discussed on the assumption that there are the first and
the second mode in the nighttime earth-ionosphere waveguide.
The situation is very complicated because the propagation para-
meters vary along transequatorial paths but it is likely that
the observed phase changes correspond to an increase of the iono-
spheric reflection height.




It has been pointed out by many authors that the lower
ionosphere at the middle and the higher latitude is disturbed
during geomagnetic storms [Knuth and Lauter, 1964; Lauter and
Knuth, 1967; Lauter and Nitzche, 1967; King and Fooks, 1968;
and Belrose and Thomas, 1968]. This problem has be~n studied
mainly by observing the changes in the field strength and the
relative phase of LF and VLF radio waves which are suitable
for detecting the small ionization changes in the lower iono-
sphere. The effects of geomagnetic storms on the lower iono-
sphere are classified into two parts .. The one is the "primary
storm effect" which occurs during the main phase of a storm
and is characterized by the rapid and deep fading of the signal
strength and the phase advance corresponding to the depression
of the equivalent reflection height. ;£he other is the "storm
after-effect" in which the absorption of the signals is increased
several days after a storm and sometimes continues for 10 days
or more. Although these effects at LF and VLF can be detected
only in the nighttime, the storm after-effects have been observed
even at midday by MF and HF absorption measurements. This means
that the ionospheric changes during geomagnetic storms reach
at least the level of the reflection height of MF and HF in the
daytime and of VLF and LF in the nighttime.
All of the observations which have been reported so far
on geomagnetic storm effects on the lower ionosphere are limited
to the middle and higher latitudes. The behaviors of the low
latitude lower ionosphere during geomagnetic storms have not
(2)
been known yet.
We have been continuously observtng 'the field strength and
the relative phase of the frequency stabilized VLr signals (NWC;
22.3 kHz, 1 MW) from North West Cape (Geographic coord: 114°10'
E,2l049' 5; geomag. lat: 32.3~ 5), Australia, at Uji (Geographic
coord: 135°47' E, 34°54' N; Geomag. lat: 23.3° N), Kyoto, Japan
and detected unusual phase changes during two comparatively large
geomagnetic storms. Since the most of the path from NWC to Uji
lies in the low latitude region, these unusual phase behaviors
seem to show that the electrical conductivity distribution of
the lower ionosphere may change even at the low latitude as well
as at the middle and the high latitude region during geomagnetic
storms.
Observational Results
The VLF station, NWC, began. to transmitt the phase stabi-
lized signals in September, 1967. The relative phase and the'
field strength of this signals have been continuously monitored
~ Uji, Kyoto, ~.~bY the phase locked VLF re~eiver)si~ce
June, 1968. The path length between NWC and Uj~~about 6800 km.
As the most of the path lies. in the low latitude region, it is
suited for detecting ionization changes peculiar to the low
latitude lower ionosphere. In this paper, the data obtained
from'June, 1968, to February 1969 are ~nalyzed in order to study
whether any changes occur in the low latitude lower ionosphere
during geomagnetic storms.
(3)
Table 1 is the list of the geomagnetic storms and the
associated anom~lous phase changes occuringfor the period of
the analysis. It is seen that two anomalous phase ·changes
occurred in association with the two largest geomagnetic storm
groups.
Figure 1 shows the diurnal phase variations from Oct. 27
to Nov. 7, 1968. The inclination of the rectangles drawn by
chain line shows a drift of the reference oscillator. Usually
the phase advances during a sunrise and retards during a sunset
corresponding to the changes of the ionospheric equivalent ref-
lection hight. The humps seen in the daytime are SPA's (sudden
phase anomalies) caused by an ionization increase due to solar
flares.
On Oct. 27 and 28, the diurnal phase variations are normal
but from Oct. 29 the nighttime phase deviates from the normal
diurnal variations. Although some of small deviations could
not be distinguished from always existing fluctuations, shaded
regions show undoubtedly meaningful deviations from the normal
state. At a glance of Figure 1, it can be easily seen that the
deviations occur mainly in the sense to make the phase retard.
Figure 2 shows the nighttime phase variations and the diurnal
variations of the geomagnetic H component observed at Aso (geo-
mag. lat.: 22° N), Japan, from Oct. 28 to Nov. 4, 1968. On Oct.
h m29, ssc (storm sudden commencement) occurred at 09 09 UT and
the phase deviation began from about lSh when large disturbances
appeared on the magnetogram. It became largest around the time
( 4 )
when H reached the minimum level. On Oct. 30, the geomagnetic
field was not so active and the phase deviation was also small.
A typical magnetic storm occurred on Oct. 31. After ssc at oa h
59m and the initial phase of about 5 hours followed the large
main phase during which the geomagnetic H component decreased by
256 y below the normal level. The phase began to decrease with
the begining of the main phase and the maximum deviation reached
about 10 ~ sec. In the local daytime on Nov. 1, the geomagnetic
field once recovered nearly to the normal level but was disturbed
again from the evening to the night. Here again the phase devi-
ation seems to be associated with the decrease of the geomagnetic
H component. Nov.
state for both the
2, 3 and 4 arevrecovery periods
He
geomagnetic field and VLF phase
to the normal
and the devi-
"citions are very small.
Figu~e 3 is the second example, the VLF phase and the geo-
magnetic variations during the nighttime from
February 5, 1969. A geomagnetic ssc occurred
January 31 to
h m .
at 15 01 on Feb-
ruary 2. The VLF phase began to decrease from the normal night-
"',
time level atthef-almost- same time with the begining of the main
, ....
phase. The maximum phase deviation is about 10 ~ second. The
deviation of both the phase and the geomagnetic field becomes
smaller day after day as shown by the record on Feb. 3, 4 and 5,·
For both storms, anomalous changes in the field strength
corresponding to the phase deviations could not be identified
because of the large day-to-day variability. The storm after-
effects also could not be detected by our analysis,
(5)
Discussions
A part of the energy transmitted from NWC might penetrate
through the ionosphere and be guided along a geomagnetic field
line as a whistler mode and reach the magnetic conjugate point
in the northern hemisphere. Since the magnetic conjugate point
of NWC is about 1700 kID northwest from Uji, we might observe
the whistler mode signals in addition to the direct earth-iono-
sphere waveguide modes. It has been pointed out that the occur-
rence rate of natural whistlers increases after geomagnetic
=storms [for the reference on this subject, see Okuzawa et al.
1971]. The anomalous variations described above, therefore,
might be caused by the enhanced whistler mode signals. The
whistler mode signals from a frequency stabilized transmitter,
-hbwever, usually suffer Doppler shift and the interference with
'the direct waveguide mode would cause a bea~ of a period of a
-"second to ten minutes [for example, McNeil and Allen, 1964].
1<--
Such a beat type variation is not seen in Figuresl-3. Thus the
phase changes in this paper should be interpreted in terms of
variations of the direct waveguide modes themselves.
If only the first order mode exists in the earth-ionosphere
waveguide and its phase velocity varies from V to V', the observed
phase change, 66, is given by
fx 1 12-ff ( V' - V')
where f and x are the wave frequenc¥ and a propagation path
(6)
(1)
length, respectively. The phase velocity depends on the iono-
spheric model. If we use the phase velocity given by·Bates
and Albee [1965] for the sharply bounded spherically concentric
earth-ionosphere waveguide, the phase decrease of 10 ~ sec
corresponds to a 3-t kID increase of the ionospheric reflection
height. The sharply bounded ionosphere model, however, is
insufficient for the radio wave reflection of a long wave lengtl
from the lower ionosphere varying rapidly with a height. We
must, therefore, use the phase velocity derived for the height
varying ionosphere such as the exponential model given by Wait
[1962]. Moreover, there are some evidences showing the existenc
of two modes in the nighttime waveguide [Crombie, 1962],
When there are the first and the second order mode, the
~esultant wave field is given by









where EO' w, and 6 are the amplitude, the an9ular frequency and
the phase of the wave, and suffixes 1 and 2 denote the first and
the second order mode, respectively. If EOI and E02 are assumed
to be time-independent, the rate of the time variation of .the
resultant phase becomes, after some ma~pulations, as follows
(7 )
de del de 2
= Al + A2dt dt dt
where
1 + R cos 1I6 R + cos lie
Al = A2 =R2
,






If R is larger than unity, A2 is positive and the sign of thede .
second termVis the same as that of dt2 . The sign of the first
_ of es· (~) de
term, however, is not always the same as that of dtl , because
the coefficient Al may take both negative and positive values
depending on lie. Therefore,e does not always increase (or
decrease) even if both of eland e 2 increase (or decreas·e) •
Since lie in the uniform earth-ionosphere waveguide is expressed
as [Lynn, 1970]
xlie = 2nD + arg ( (6)
where ANI and AN2 are the excitation factor of the nighttime
first and second order modes and D is the interference distance
[Crombie, 1964] given by
(7)
dethe sign of dt depends upon a propagation path length x.
The situation is further complicated by the fact that the
interference distance, D, seems to vary alcng propagation paths
crossing the geomagnetic equator [Lynn, 1969, and Araki, 1973].
(8 )
In this case, equation tt) should be replaced by
Ix dxfie = 2IT 0 D(x) + arg (8)
By adopting the model of D(x) which is used in the interpretation
of the anomalous diurnal changes of the phase and the field inten-
...,
s.ity of the tr'X'equatorial VLF radio waves [Araki, 1973J,
we can calculate fi6 for mvC-Uji path and then the coefficients
Al and A2 from equation (5). The results is that AI =-OJ9 and
,A2=1.19. Thus the decrease in 6 at the initial stage of thede
disturbances might be mainly due to a decrease of 62 unless d~del
is-much smaller than dt' If fie does not change so greatly with
~the progress of the disturbance, the time variation of Al and A2
wo~ld also be small. In this case the observed phase retardation
might be caused by a decrease of 62 through a whole period of
the disturbance. Since a phase decrease of-a mode usually cor-
responds to an increase of the ionospheric reflection height, it
is likely that the lower ionosphere might rise up during severe
geomagnetic storms. For the more precise de-termination of the
change in the ionosphere, we need the more detailed knowledge
about the relation between the phase change due to an ionospheric
reflection and the height distribution of the electrical con-
ductivity, because the reflection of VLF radio waves depends not
only on the elect~rical conductivity of the lower ionosphere but
also on its vertical gradient. The horizontal inhomogenities of
the propagation parameters existing along the transequatorial
propagation path would require also the phase observation at
(9 )
several points on the path.
It is well known that the ionospheric F-region is disturbed
world-widely during geomagnetic storms [see the recent review
paper by Matsuura (1971)], The causal relationship is very com-
plicated but it could be roughly said that the F-region storm
is the production and the worldwide re~istribution of electrons
10
caused by the enhanced solar wind energy which flows down m~nly
into the high latitude ionosphere as the forms of particle pre-
cipitation, hydromagnetic waves, the electric field and heat
conduction. As a process leading to the electron redistribution
the change of the global atmospheric wind system due to a tem-
perature increase.is proposed in addition to the electric drift
and the ionization. This process might change the distribution
of the electrical conductivity (determined mainly by the ele-
ctron density and the collision frequency) even in the low lat-
itude lower ionosphere, while the drift motion by the electric
field would be greatly reduced by the dominant collision. Thougl
the ionization by particle precipitation hRS been expected 50
far to occur in the high latitude region, the recent discovery
of the subtropical radiation belt [Hill et al., 1970; Heikkila,
1971; Kohno, 1973 and Hayakawa et al., 19731 is interesting as
an ionizing agency in the low latitude region.
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Fig. 1. Diurnal phase variations of Nwe signals (22.3 kHz)
observed at Uji, Japan, from Oct. 27 to Nov. 7, 1968.
The phase advances upwards. The humps in the daytime
are the sudden phase anomalies caused by the solar
flare x-ray. The dark portions show undoubtedly mean-
ingful deviations from the normal diurnal variation
pattern. The dotted portions also seem to be meaningful.
Fig. 2. Nighttime phase variations of NNe signals (22.3 kHz)
observed at Uji, Japan, and the geomagnetic H-component
at Aso from Oct. 28 to Nov. 4, 1968. The phase and H
increase upwards. The meaning of the dark and dotted
portions is the same as that of Fig. 1.
Fig. 3. Nighttime variations of the phase of NNe signals (22.3
kHz) observed at Uji and geomagnetic H-component at Aso,
Japan; from Jan. 31 to Feb. 5, 1969. The meaning of the
dark and dotted portions is the same as that of Fig. 1.
(14 )
Table 1
List of geomagnetic storms at Kakioka, Japan, and the associated
anomalous phase changes of NWC signals for the period of the
analysis.
Anomalous
Date Time of SC liH(SC) liH(MP) Phase Change
Jun. 10-14 1968 10daY21h54m 9 Y 114Y NO
14-15 14 03 42 4 85 NO
Jul. 25-28 25 16 17 10 68 NO
Jul. 9-12 99 21 54 2 88 NO
13-15 13 16 13 35 116 N0
Aug. 23- 23 17 1.4 10 61 NO
Sep. 6- 8 6 14 38 16 122 NO
30- 30 23 45 20 NO
Oct. 2- 3 2 00 18 9 96 NO
6- 8 6 06 28 27 76 NO
11-14 11 22 00 98 NO
28- 28 21.5
29- 29 06 45 11
29- 29 09 09 30 125 YES
31- 31 08 59 45 256 YES
Nov. 1- 4 1 09 16 13 177 YES
16-19 16 09 16 19 199 NO
20-21 20 09 04 38 101 NO
Dec. 5- 6 5 06 33 13 55 NO
24-25 24 22.3 69 NO
Jan. 7- 8 1969 7 03 22 11 NO
24- 24 10.5 NO
25-27 25 00 36 3 81 NO
Feb. 2- 5 2 15 01 31 203 YES
10-12 10 20 24 6 162 NO
26- 26 01 57 15 112 NO
27- 27 03 07 7 NO
28-28 28 04 23 27 NO
Amplitudes of the sudden commencement and the main phase are.
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